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O B J E C T I V E S This study evaluated the hypothesis that impaired nitroglycerin (NTG)-induced
coronary vasodilation is associated with advanced coronary atherosclerosis in asymptomatic older
patients.
B A C KG ROUND Atherosclerosis is associated with both structural and functional abnormalities of
the vessel wall. Noninvasive functional measures of subclinical coronary atherosclerosis may help
characterize high-risk subjects and guide preventive therapy.
METHOD S A total of 236 older patients (age 60 to 72 years, 33% female) without a history of
cardiovascular disease were studied. Nitroglycerin-induced coronary vasodilation was measured by
magnetic resonance angiography (MRA). Cross-sectional images of the right coronary artery were
acquired before and 5 min after 0.4-mg sublingual NTG using a gated, breath-held spiral coronary MRA
sequence (0.7-mm resolution). Quantitative analysis of the increase in cross-sectional area was
performed in the 90% of patients (n 212) with adequate image quality. Quantitation of coronary artery
calciﬁcation (CAC) was performed by multidetector computed tomography using the Agatston method.
R E S U L T S Forty patients (19%) had advanced CAC (400). Coronary vasodilation to NTG was
signiﬁcantly impaired (p  0.02) in patients with advanced CAC (median [interquartile range]  15.9%
[4.2% to 28.0%] vs. 21.5% [9.6% to 36.6%] for CAC 400). Importantly, NTG-induced coronary
vasodilation remained independently associated with advanced CAC after multivariate analysis incor-
porating risk factors (p  0.02) and other potential confounders (p  0.04). There was no signiﬁcant
difference in coronary vasodilation between men and women, but few women (n  3) had advanced
CAC.
CONC L U S I O N S Impaired NTG-induced coronary vasodilation by MRA is associated with advanced
coronary atherosclerosis in a community-based cohort of older asymptomatic subjects. Coronary MRA
may provide a noninvasive functional assessment of subclinical coronary atherosclerosis. (J Am Coll
Cardiol Img 2008;1:167–73) © 2008 by the American College of Cardiology Foundation
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168oninvasive measures of subclinical coro-
nary atherosclerosis have the potential to
help identify patients at increased risk for
future coronary events and guide therapy
hat may reduce the risks of death and disability
ttributable to coronary artery disease. Atheroscle-
osis is associated with both structural and func-
ional abnormalities of the vessel wall. For struc-
ural assessment, coronary artery calcium (CAC) by
omputed tomography (CT) has been the most
idely studied direct noninvasive measure of coro-
ary atherosclerosis. Coronary artery calcium is
upported by histological studies, with the presence
nd extent of CAC correlated to the magnitude of
oronary plaque burden (1).
See page 174
For functional assessment, the standard
has been the measurement of epicardial
coronary artery vasodilation by invasive
X-ray angiography using intra-arterial stim-
uli. The impairment of endothelium-
dependent vasodilation is recognized as an
early step in the development of athero-
sclerosis (2). Nitroglycerin (NTG) is an
exogenous source of nitric oxide and
causes endothelium-independent, smooth
muscle cell– dependent vasodilation,
which may also be affected by atheroscle-
rotic changes in the vessel wall. Previous
studies have demonstrated that impaired
coronary vasodilation to NTG, as assessed
by invasive X-ray angiography, is present
in patients who have coronary artery dis-
ease and diabetes (3), and has been asso-
ciated with an increased risk of future
ardiac events (4,5).
We and others have developed a noninvasive
ethod to measure NTG-induced coronary vaso-
ilation with magnetic resonance angiography
MRA) (6,7). In this study, we hypothesized that
oronary vasodilation by MRA may be impaired in
lder patients with advanced subclinical coronary
therosclerosis.
E T H O D S
atient characteristics. Two hundred fifty-three pa-
ients (age 60 to 72 years, 34% women) without a
istory of cardiovascular disease, other major co-
orbidities (including prior systemic malignancy,
ein
htementia, cirrhosis, human immunodeficiency vi- aus/acquired immunodeficiency syndrome, and or-
an transplantation), or contraindication to mag-
etic resonance imaging (MRI) were randomly
elected from the membership of Kaiser Perma-
ente of Northern California as a substudy of the
DVANCE (Atherosclerotic Disease, Vascular
unction, and Genetic Epidemiology) study (8).
he recruitment of these patients was performed by
aiser Permanente of Northern California Division
f Research, and all subjects underwent evaluation
hrough the Stanford Prevention Research Center,
ncluding CT for CAC. Patients were evaluated
ithout any alteration of their medical regimen per
heir health care provider, including continuation of
asoactive medications. Magnetic resonance imag-
ng was not completed in 17 subjects due to
laustrophobia, back pain, or technical problems,
eaving an MRI cohort of 236 patients (mean age
6.0  2.7 years, 33% women, and 37% non-
aucasian). Magnetic resonance imaging was per-
ormed within 1 week of CT in all subjects. Written
nformed consent was obtained from all partici-
ants. The study protocol was approved by the
nstitutional Review Boards at Stanford University
nd the Kaiser Foundation Research Institute.
TG-induced coronary vasodilation with MRA.
itroglycerin-induced coronary vasodilation by
RI was performed using methods described in
ore detail previously (7). A 1.5-T Signa MRI
canner (GE Healthcare, Waukesha, Wisconsin)
quipped with high-performance gradients (40
T/m, 150 mT/m/ms) was used. A commercial
-channel cardiac phased-array surface coil pro-
ided signal reception (GE Healthcare). A real-
ime interactive MRI system (iDrive, GE Health-
are) was used for coronary localization. High-
esolution coronary MRA was performed using a
ultislice spiral sequence, as previously reported
9), with cardiac gating, breath-holding, and acqui-
ition during diastole (field of view  22 cm,
n-plane spatial resolution  0.7 mm, slice thick-
ess  5 mm, 3 slices, repetition time  1 heart
eat, echo time  2.5 ms, 18 interleaves, flip angle
60°, acquisition window  35 ms). A subject-
pecific trigger delay time during diastole was de-
ermined from reviewing a 4-chamber cardiac cine
agnetic resonance acquisition (10).
After real-time interactive MRI was used to
rescribe in-plane views of the right coronary artery
RCA), a cross-sectional view of a linear portion of
he proximal- to mid-RCA was then prescribed.
ross-sectional high-resolution coronary MRA im-B B R E V I A T I O N S
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169.4-mg sublingual NTG was administered to the
ubject while in the magnet (Fig. 1). The time point
fter NTG (5 min) was chosen based on our
revious data (7) on the time course of NTG-
nduced coronary vasodilation, demonstrating the
ost consistent coronary vasodilation at 3 to 7 min
fter NTG. Matching pre- and post-NTG images
ere identified, as described previously (7), and
hen all images were pooled and randomized, with
either patient nor NTG information provided on
he images. Prior to analysis, images were judged to
e good, fair, or poor based on signal-to-noise ratio
SNR), vessel border sharpness, and artifacts. The
ross-sectional area of the RCA was traced by a
ingle investigator, with a similar low intraobserver
ariability as found previously (7) (mean difference
n cross-sectional area, expressed as a percentage of
he overall mean, was 6.3  5.0% with correlation
oefficient  0.97).
AC. The presence and severity of CAC was as-
essed by 4- or 16-row multidetector CT (MDCT)
canners (GE Healthcare and Siemens Medical
olutions, Erlangen, Germany, respectively) (8).
fter a scout image had been acquired, a prospec-
Figure 1. Coronary MRA of NTG-Induced Coronary Vasodilation
Coronary magnetic resonance angiography (MRA) images are show
tion. Coronary MRA of the right coronary artery (RCA) was performe
sequence. Cross-sectional area of the RCA was traced manually (red
calcium (CAC) score  0 show a greater degree of NTG coronary va
with a CAC score  443 (coronary vasodilation  17.0%).ive electrocardiography (ECG)-triggered breath- Celd CT scan through the heart was performed with
ither a 4 2.5-mm or a 16 1.25-mm nonhelical
cquisition, gated to mid-diastole based upon a
raphical prescription from the ECG tracing. Two
dentical scans were acquired. Contiguous 2.5-mm
ransverse sections were reconstructed using a half-
can reconstruction algorithm to give an effective
emporal resolution of 200 to 250 ms per section.
n experienced technologist analyzed the CT sec-
ions using an AccuImage coronary calcium scoring
orkstation (Merge/eFilm, South San Francisco,
alifornia) to determine the Agatston score (11),
ith the final score equal to the average of the 2
cans (providing both total CAC score and CAC
core for the RCA). The total CAC was considered
dvanced if the score was 400, as indicated by
revious reports (12,13).
tatistical analysis. Continuous variables are ex-
ressed as means with standard deviations or me-
ians with interquartile ranges. The differences
etween CAC groups were compared using the
npaired t test if data were normally distributed; if
therwise distributed, the nonparametric Mann-
hitney U test was used. Differences among the 4
monstrating the analysis of nitroglycerin (NTG)-induced vasodila-
re- and post-NTG using a 0.7-mm gated, breath-held spiral MRA
cles). The MRA images (A) from the patient with a coronary artery
ilation (28.6%) compared with MRA images (B) from the patientn de
d p
cir
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17000  CAC  400, and CAC  400, were
nalyzed by the Kruskal-Wallis test. Differences in
istribution of CAC scores 400 and 400 were
ssessed by the chi-square test. Regression analysis
as performed comparing NTG-induced coronary
asodilation to log10 (CAC score  1). Multivari-
ble logistic regression analysis was performed to
dentify independent predictors of advanced CAC,
ncorporating conventional coronary risk factors,
uch as age, gender, body mass index, diabetes
ellitus (history of treatment or fasting glucose
126 mg/dl), systolic blood pressure, total
holesterol/high-density lipoprotein (HDL) cho-
esterol ratio, and smoking into the model. For
ultivariate analysis, tertiles of the percentages of
oronary vasodilation were also used. A 2-tailed p
alue 0.05 was considered statistically significant.
E S U L T S
atient characteristics. Of the 236 patients, 10%
ere excluded prior to analysis because of poor
mage quality on either the pre- or post-NTG
RA, leaving 212 subjects for quantitative analysis.
edian CAC was 37 (interquartile range 1 to 269).
orty patients (19%) had advanced CAC, defined
s CAC 400. Clinical characteristics of the 2
roups are shown in Table 1. In subjects with CAC
400, there was a significantly higher proportion of
en (p  0.001) and of subjects with diabetes
ellitus (p  0.04).
TG-induced coronary vasodilation and coronary ar-
ery calcium. Patients with CAC 400 had signif-
cantly impaired coronary vasodilation (median [in-
erquartile range]  15.9% [4.2% to 28.0%])
ompared with patients with CAC 400 (21.5%
9.6% to 36.6%], p  0.02) (Fig. 2). The results of
ultivariable logistic regression analysis are shown
n Table 2. The degree of NTG-induced coronary





(n  40) p Value
65.9 2.7 66.4 2.7 0.30
106/66 37/3 <0.001
2) 26.9 4.1 27.9 4.7 0.19
15.7% 30% 0.04
(mm Hg) 132 18 135 19 0.32
cholesterol ratio 3.9 1.1 3.9 0.9 0.68
8.1% 10% 0.70
n  standard deviation or proportions. Values in bold indicate statistical
lcium; HDL  high-density lipoprotein.asodilation was independently and inversely asso- Niated with CAC400 (p 0.02) after adjustment
or age, gender, body mass index, diabetes, systolic
lood pressure, total cholesterol/HDL cholesterol
atio, and current cigarette smoking. The associa-
ion of NTG-induced coronary vasodilation in
atients with advanced CAC also remained signif-
cant (p  0.04) in multivariable logistic regression
nalysis after vasoactive medication use was in-
luded as a potential confounder.
Further analysis of NTG coronary vasodilation in
ess advanced CAC did not reveal a “dose-response”
elationship, as regression analysis of vasodilation
ersus log10 (CAC  1) was not significant (p 
.15), and the degree of vasodilation was relatively
at for CAC subgroups: 0  CAC  10: 21.4%
10.7% to 36.2%); 10 CAC 100: 25.1% (8.8 to
6.8%); and 100  CAC  400: 21.4% (9.7% to
7.3%) (p  0.16). High CAC did affect image
uality (CAC 400: 68% fair, 32% good vs. CAC
400: 45% fair, 55% good, p  0.01), but the
ercent vasodilation was similar for fair and good
mage quality (p  0.87).
TG-induced coronary vasodilation by gender. Over-
ll there was not a significant difference in NTG-
nduced coronary vasodilation between men and
omen (men: 20.8% [8.0% to 36.3%] vs. women:
1.1% [6.9% to 34.0%], p 0.9). In men only (n
43), the impaired NTG-induced coronary vasodi-
ation in patients with CAC 400 remained sig-
ificant by both univariate (p  0.02) and multi-
ariate analysis (p  0.01). The sample size for
omen (n  3 for CAC 400) was too small for
eaningful statistical evaluation.
T-induced coronary vasodilation and RCA coronary
rtery calcium. As the MRI measurement was done
n the RCA, we also compared the MRI vasodila-
ion measures to the coronary artery calcification
core for the right coronary artery (RCAC). Me-
ian RCAC was 0 (interquartile range 0 to 47).
here was RCAC (RCAC score 0) in 86
atients (41%, 71 male). Only 2 subjects with CAC
400 did not have RCAC. The degree of NTG-
nduced coronary vasodilation was significantly im-
aired in patients with RCAC compared to
atients with RCAC by univariate analysis
17.4% [5.0% to 33.7%] vs. 22.6% [11.4% to
6.5%], p  0.049) and multivariate analysis (p 
.03).
I S C U S S I O N
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171tic, older community-based patients. We found
hat NTG coronary vasodilation was impaired in
atients with advanced CAC, which were primarily
en in this cohort. In addition, this association was
ndependent of other major coronary risk factors,
uggesting that NTG coronary vasodilation by
RA may be a functional measure of subclinical
oronary atherosclerosis.
oronary vasodilation and CAC. Coronary vasomotor
unction plays an important role in the onset and
rogression of coronary atherosclerosis. Endothelial
ysfunction, as measured by the impairment of
ndothelium-dependent vasodilation, is considered
o be an early marker of atherosclerosis, which can
e found without overt angiographic or ultrasound
vidence of coronary atherosclerosis (14,15). The
Figure 2. Comparison of NTG-Induced Coronary Vasodilation
and CAC
The degree of coronary vasodilation is shown for patients with
and without advanced CAC. Coronary MRA images were ana-
lyzed in 212 patients and coronary vasodilation to NTG was
quantiﬁed. Coronary artery calcium scoring was performed by
computed tomography. Box and whisker plots show the
median, interquartile range, and full range of percent coronary
vasodilation between groups with and without advanced CAC
(400). Patients with CAC 400 had signiﬁcantly impaired NTG-
induced coronary vasodilation compared to patients with CAC
400 by univariate and multivariate analysis (p  0.02). Abbre-
viations as in Figure 1.ssessment of epicardial coronary vasodilation isistinct from the assessment of coronary flow or
erfusion reserve, which are primarily indicators of
icrovascular dysfunction or flow-limiting steno-
es. Several studies have found a predictive value of
ndothelium-dependent epicardial coronary vasodi-
ation in response to intracoronary infusion of
cetylcholine in patients with mild coronary athero-
clerosis or normal coronary angiograms by invasive
oronary angiography (4,15,16). Although NTG-
nduced (endothelium-independent) vasodilation has typ-
cally been used as a “positive control” in these patients,
mpairment has been found (17). Schachinger et al. (4)
nvestigated both endothelium-dependent and
independent coronary vasodilation in 147 patients
ith coronary artery disease and reported that
TG-induced coronary vasodilation was a signifi-
ant predictor of prognosis. Similarly, von Mering
t al. (5) studied 163 women with suspected myo-
ardial ischemia and reported that women with a
onfirmed acute ischemic event had significantly
mpaired NTG-induced coronary vasodilation.
hese data suggest that atherosclerotic changes to
he vessel wall can impair vasodilation beyond the
ffects on the endothelium, although the precise
echanisms underlying the impairment remain un-
lear. Our data suggest that there may be a thresh-
ld effect, with NTG vasodilation remaining intact
ntil atherosclerosis is advanced.
Interestingly, smooth muscle cells are not only the
rimary mediators of NTG-induced vasodilation (18),
ut are also thought to be responsible for the forma-
ion of vascular calcification (19,20). Kullo et al. (21)
ecently reported that a decreased brachial artery
asodilator response to NTG, but not flow-mediated
ndothelium-dependent vasodilation, is associated
ith subclinical coronary atherosclerosis as measured
y CAC in 441 asymptomatic patients. A recent study
f subclinical atherosclerosis in 292 participants from






NTG coronary vasodilation (per SD increment) 0.60 (0.34–0
Age (per yr) 1.08 (0.94–1
Gender (men vs. women) 8.45 (2.37–3
Body mass index (per kg/m2) 1.03 (0.94–1
Diabetes mellitus (yes/no) 1.66 (0.7–3.9
Systolic blood pressure (per mm Hg) 1.01 (0.99–1
Total cholesterol/HDL cholesterol ratio 0.87 (0.53–1
Current smoker (yes/no) 1.25 (0.32–4
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172he Framingham Heart Study included aortic MRI,
oronary and thoracic aortic calcification by CT, and
arotid intima-media thickness by ultrasound (22).
he results indicated that a combination of imaging
ests may be needed to fully identify higher-risk
symptomatic patients. Further studies of the prog-
ostic significance of NTG-induced coronary vasodi-
ation by coronary MRA and its value relative to CAC
nd other cardiovascular tests and risk factors are
learly needed.
isk factors. According to previous reports, age and
ender are strong risk factors for advanced burden
f CAC (23–26). In our study, the age range of
nrolled subjects was narrow (60 to 72 years), and
herefore we did not observe a significant association
etween age and advanced CAC. However, male
ender was a strong predictor of advanced CAC in
ur study, which is consistent with prior studies (26).
n other studies of asymptomatic patients, many
onventional coronary risk factors, such as obesity,
ypertension, hypercholesterolemia, diabetes, and
moking, were strongly associated with CAC (23,27).
nterestingly, in our study, only male gender and
iabetes were significantly associated with CAC
400. Besides the sample size and the relatively
dvanced age range, this may have been attributed to,
n part, the relatively low prevalence of the other
oronary risk factors in our sample compared with
amples from previous studies (Table 1) (23,28). For
xample, the mean total cholesterol/HDL cholesterol
atio and systolic blood pressure were 3.9 and 133 mm
g in our study compared with 4.0 to 5.3 and 139 to
44 mm Hg in other studies (23,28), and current
mokers were 8.5% compared with 15% to 19%
23,28).
tudy limitations. The main limitation of the cur-
ent study is that we assessed only endothelium-
ndependent coronary vasodilation using NTG.
rior studies indicate that an endothelium-
ependent method may detect abnormalities at an
arlier stage of disease (2,29) and produce more
ivergent responses (vasoconstriction vs. vasodila-2157– 62. measurements of lundothelium-dependent stimuli, such as the cold-
ressor test and mental stress, are challenging in the
RI environment, and pharmacological agents,
uch as acetylcholine, cannot safely be given sys-
emically. A preliminary MRI report using the
old-pressor test shows promise (30). The other
ain limitation is the interpatient variability of
TG vasodilation in this study. Although the RCA
as used for higher SNR and spatial resolution, and
as been shown previously to be very reproducible
7,31), further improvements (32,33) in SNR, res-
lution, and breath-hold reproducibility may im-
rove image quality and reduce variability.
Multidetector CT angiography has emerged as a
igh-resolution noninvasive approach for coronary
rtery imaging. A recent study did look retrospec-
ively at patients who had more than 1 coronary CT
can, where NTG was used in 1 and not in another,
nd did show significantly larger coronary diameter
ith NTG (34). However, the radiation and con-
rast involved make it suboptimal for repeat imag-
ng to measure coronary vasodilation, particularly in
symptomatic subjects.
O N C L U S I O N S
n an asymptomatic older community patient cohort,
mpaired NTG-induced coronary vasodilation by
RA was significantly and independently associated
ith advanced CAC. Noninvasive assessment of cor-
nary vasodilation may provide an additional func-
ional measure of subclinical coronary atherosclerosis.
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